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The effect of four commonly used dairy farm management systems (treatments), on 
nitrogen leaching to 1 m was studied over a 4-year period from October 2001 to April 
2005. The treatments were (i) grazed plots receiving dirty water, (ii) 2-cut silage plots 
receiving slurry, (iii) grazed plots and (iv) 1-cut silage plots receiving slurry. All plots 
had fertiliser N applied; the soil was free-draining overlying fissured limestone. Mean 
4-year N input (kg/ha) was 319 and mean annual stocking density was ~2.38 LU/ha. 
The annual average and weekly NO3-N and NH4-N concentrations in drainage water 
were analysed for all years, using a repeated measures analysis. For the annual NO3-N
data, there was an interaction between treatment and year (P < 0.001). There were 
significant differences (P < 0.05) in NO3-N concentrations between the treatments in 
all years except the third. For the NH4-N data there was no interaction between treat-
ment and year or main effect of treatment but there were differences between years 
(P < 0.01). Mean weekly concentrations were analysed separately for each year. For 
NO3-N, in all years but the third, there was an interaction between treatment and week 
(P < 0.001); this occurred with NH4-N, in all 4 years. Dirty water was significantly 
higher than grazed-fertiliser only and 1-cut silage in NO3-N concentrations in 2001–02; 
in 2002–03, dirty water and 2-cut silage were significantly higher than the other treat-
ments; while in 2004–05, dirty water and grazed-fertiliser only were significantly higher 
than the other two treatments. The overall 4-year mean NO3-N and NH4-N concentra-
tions were 8.2 and 0.297 mg/L, respectively. 
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Introduction
Grassland farming is the major land use 
in Ireland and is, due to its permanent 
ground-cover and long growing season, 
regarded as relatively benign to the envi-
ronment. It compares favourably with ara-
ble farming with regard to annual N loss. 
Neill (1989) calculated that the mean N 
loss from unploughed land was 1.9 kg/ha 
compared with 75.9 kg/ha from ploughed 
land and concluded that ploughing agricul-
tural land was the principal factor affecting 
the concentration of nitrate in rivers. Due 
to low arable land-use, ground and river 
water quality in Ireland is generally good 
(Crawley, 2001; Neill, 2005). However, 
in the 1990s, some regions had elevat-
ed (15 to 50 mg/L) nitrate-N (NO3-N) 
in groundwater (Richards et al., 1996), 
associated primarily with Ballysteen lime-
stone and Ringmoylan shale over sand-
stone (Richards, 1999). An area underlain 
by karstified Waulsortian limestone had a 
public water-supply borehole showing an 
upward trend since 1990, which occasion-
ally breached the EU drinking water maxi-
mum admissible concentration (MAC) of 
11.3 mg/L NO3-N (Cork County Council, 
1998). The associated aquifer was recog-
nized by the Geological Survey of Ireland 
(GSI) to be at risk and was designated 
Rk/E, i.e., a regionally important karsti-
fied aquifer extremely vulnerable to con-
tamination (Bartley, 2003). An associated 
regional sampling of 54 boreholes in the 
Fermoy area showed that 28% had NO3-N 
concentrations > MAC and 59% were 
>guide level (GL). It was not clear whether 
the elevated concentrations were due to 
diffuse or point sources (Richards, 1999). 
Prior to the current study, informa-
tion on nitrate leaching in Ireland was 
quite limited. Some previous studies 
were concerned with the effects of slurry 
and urine applications on leaching. In 
these, drainage water was collected at 
1 m depth from cut grass in small plots 
or lysimeters (Sherwood, 1986; Ryan and 
Fanning, 1996). In related work, leaching 
from N-fertilised grassland was deduced 
by combining groundwater recharge rates 
and downward water flow with the differ-
ence between the N concentration in soil 
cores, extracted with potassium chloride, 
in autumn and spring (Thorn, 1986; Ryan, 
Fanning and Noonan, 2001). With regard 
to dairying, nitrate leaching losses, deter-
mined using ceramic cups at 90 cm depth 
in a moderately well drained loam soil, 
were compared in plots grazed by dairy 
cows which received 51 and 408 kg/ha 
fertiliser N (Sherwood and Ryan, 1990). 
The mean NO3-N concentration in the 
soil water was 2.3 and 4.3 mg/L for the 51 
and 408 kg/ha treatments, respectively. 
The authors suggested that there may 
have been too few cups (six per block 
in each of five blocks) to “pick up” the 
likely variation across grazed paddocks. 
A similar study (Ryan and Sherwood, 
1990) in plots grazed by dairy cows, 
carried out from January to March on well 
to moderately well drained loams overly-
ing sandy to clay loam sub-soils, showed 
that the mean NO3-N concentration in the 
soil water at 100 cm depth from applica-
tions of zero and 328 kg/ha N was also low, 
at 0.6 and 2.8 mg/L, for these treatments, 
respectively. 
The latter leaching studies, conducted 
on grazed fertilised plots, provided no 
information regarding leaching from dairy 
farm areas treated with dirty water, slur-
ry and cut for silage. Richards (1999) 
evaluated sources of nitrate leached to 
groundwater from grassland on a dairy 
farm with freely drained soils derived 
from limestone, shale and sandstone and 
reported that highest NO3-N concentra-
tions in drainage water were related to 
dirty water irrigation. The study described 
in this report was established to measure 
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the impact of alternative management 
practices on NO3-N leaching on an inten-
sively managed dairy farm in a vulnerable 
environment. 
Material and Methods
Site 
Monitoring of NO3-N in soil water, at 1 
m depth, was carried out on Curtin’s farm 
at the Teagasc Dairy Production Centre, 
Fermoy, County Cork (52°07N, 08°16W) 
over four winters (2001–02, 2002–03, 
2003–04 and 2004–05). This area has 
a mild moist oceanic climate without 
extremes in temperature. At Moorepark, 
30-year (1961 to 1990) annual rainfall 
averages 981 mm (Met Éireann, 1996); 
mean maximum, mean minimum and 
overall average air temperatures (1961 to 
1990) were 13.5, 5.6, 9.5 °C, respectively. 
Average actual evapotranspiration, as a 
percentage of annual precipitation, 1961 
to 1990, was estimated at 46% (Mills, 
2000); average net recharge is 570 mm 
(Bartley and Johnston, 2006). The soil 
is freely drained, derived from mixed 
sandstone-limestone glacial till overlying 
a karstified limestone bedrock aquifer; 
soil texture is sandy loam and the soil 
is 0 to 4.5 m deep with bedrock com-
monly occurring at 2.0 to 3.0 m below the 
ground surface (Gibbons, Rodgers and 
Mulqueen, 2006). 
Treatments
Treatment plots: Monitoring was cond-
ucted on four grassland treatments with-
in the set of plots dedicated to one herd 
of dairy cows in a 3-herd genetic merit 
comparison (Horan et al., 2004). Three 
replicate plots were selected for moni-
toring from each treatment. Monitored 
plots comprised 20.3% of the total exper-
imental area and were representative of 
those commonly used on intensive dairy 
farms. The treatment plots were; (Gd) 
grazed, received fertiliser N and dirty 
water; (S2) grazed, cut twice for silage, 
received fertiliser N and cow slurry; (Gf) 
grazed, received fertiliser N; (S1) grazed, 
cut once for silage, received fertiliser N 
and cow slurry. 
Soil C and N concentrations: The mean 
organic C and total N concentrations in 
Gd, S2, Gf, S1 were 58, 33, 37, 30 and 
5.1, 3.4, 3.8, 3.1 g/kg, respectively, with 
corresponding C/N ratios of 11.4, 9.7, 9.7, 
9.7 (Ryan et al., 2006a,b). The laboratory 
analysis was carried out on 0.5 g air-dried 
samples using a LECO CN 2000 analyser. 
Treatment organic N sources, concen-
trations and spreading policy: Washing of 
the cow yard, milking shed and animal 
pens generated dirty water, which was 
collected in a concrete settling tank prior 
to irrigation on Gd plots with a rotary 
irrigator. The concentration of total N in 
irrigated dirty water ranged from 20.0 to 
823.0 mg/L in the period 29 April, 2002 
to 24 July, 2004; irrigation took place on 
a year-round basis e.g., from April 2002 
to July 2004 and one or other of the three 
plots was irrigated in each month with the 
exception of September and November 
2003. The amounts of N applied per 
irrigation ranged from 0.5 to 84.7 kg/ha 
(Ryan et al., 2006b; Ryan, M., unpub-
lished). Slurry was applied in the period 
18 March to 16 April, depending on the 
year, in amounts supplying N ranging 
from 18.0 to 43.0 kg/ha; total N concen-
trations in the slurry ranged from 2566 to 
4320 mg/kg (Ryan et al., 2006b; Ryan, M., 
unpublished). The principle in the labora-
tory analysis for total N in dirty water is 
that N compounds in alkaline solution are 
oxidized by persulphate to nitrate. Nitrate 
is then reduced by copper-hydrazine solu-
tion to nitrite. The resultant nitrite reacts 
with sulphanilimide and N-1-naphthyl
ethylenediamine dihydrochloride to form 
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a red azo dye that was measured at 520 
nm on a Burkard continuous flow analy-
ser. The methodology for total N analy-
sis in slurry included digestion of fresh 
slurry using sulphuric acid and hydrogen 
peroxide with selenium as catalyst. The 
principle underlying the analysis is the 
reaction of ammonia with salicylate and 
dichloroisocyanurate in alkaline solution. 
The dichloroisocyanurate decomposes in 
alkaline solution to release hypochlorite 
ions, which react with the salicylate to give 
a substituted indophenol, which was mea-
sured at 650 nm on a Burkard continuous 
flow analyser. Nitroprusside was added as 
a catalyst. 
Grazing management
Twelve of 19 plots, comprising 16.92 ha from 
January to November 2001 and 16.87 ha 
from November 2001 onwards, used to 
carry the dairy herd, managed according 
to the Moorepark system (Horan et al., 
2004), were instrumented for this moni-
toring study. The 4-year mean N input to 
the monitored plots was 319 kg/ha; the 
overall stocking rate was 2.12 cows/ha in 
the first year and ~2.47 cows/ha in each 
of the following 3 years. None of the sec-
ond-cut silage was used for winter-feed in 
the second or third years, with only one 
third of it used in the final year. Paddocks 
were rotationally grazed from spring until 
October or November. Grazing started in 
February or March on both sets of silage 
plots, in April on the Gd plots and in 
February to May on the Gf plots. First-cut 
silage was harvested from 22 May to 5 June 
and second-cut silage was harvested in the 
week of 21 July. 
Sampling and analysis of soil water 
The plots were instrumented with ceramic 
cups; eight cups per plot were inserted 
at 1 m depth each having a bentonite 
seal, 150 mm below ground surface, on 
the flask-connecting tube. Sampling of 
soil water was carried out by applying 
suction (50 kPa) to above-ground flasks 
1 week prior to sample collection. The 
samples were stored overnight at 4 °C, 
acidified with 0.06 mL of concentrated 
sulphuric acid and transported at 4 °C for 
analysis, usually within 7 days. Nitrate-N 
and ammonium-N (NH4-N) concen-
trations were determined on a discrete 
Konelab analyser. The principle behind 
the chemistry for the determination is that 
nitrate is reduced to nitrite with copper 
hydrazine reagent which contains hydra-
zine sulphate and copper sulphate. Nitrite 
ions, so produced and those originally 
present, are determined by diazotisation 
with sulphanilamide and  coup ling with 
N-1-naphthylethylenediamine dihydro-
chloride. The coloured azo-dye was mea-
sured at 540 nm. This reaction measures 
total oxidised nitrogen (TON). Nitrate 
was determined by subtracting nitrite 
from TON. Ammonia reacts with salicy-
late and dichloroisocyanurate in the pres-
ence of sodium nitroprusside to form a 
blue colour that is proportional to the 
amount of ammonia present. The colour
produced was measured at 660 nm. 
Sample and standard results are expressed 
as N. Generally up to 90 samples were 
analysed in each batch and the following 
procedures were carried out to check for 
accuracy of the analyses. The instrument 
was calibrated every day using manual 
quality control (QC) samples that con-
tained 30% and 70% of the concentration 
in the highest standard sample. If either 
QC sample-type displayed results greater 
than two standard deviations from the 
mean, the calibration was rejected and 
re-checked. If necessary, standard and QC 
samples were changed or made up again. 
Routine QC samples, that contained 30% 
of the concentration in the highest stan-
dard, were run as accuracy checks once 
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per 10 samples. If the QC samples dis-
played results greater than two standard 
deviations from the mean, these analyses 
were rejected and repeated. Persistent QC 
failure required the instrument to be re-
calibrated as above. All QC and calibra-
tion samples were prepared from separate 
certified stock solutions.
N inputs
The N inputs for each treatment are 
shown in Table 1. Weighted (on the basis 
of plot size) mean N inputs, excluding 
an annual 9 kg/ha measured wet deposi-
tion, were 311, 309, 326 and 331 kg/ha in 
2001–02, 2002–03, 2003–04 and 2004–05, 
respectively. Proportions of 0.85 and 0.25 
of the total N applied in dirty water and 
slurry, respectively, were used to esti-
mate their contribution to total N inputs 
because of expected losses via ammonia 
volatilisation. 
Fertiliser N formed the largest com-
ponent of the N input. The difference 
between the highest and lowest fertiliser 
N input to the treatments declined from 
157 to 68 to 66 to 44 kg/ha in the 4-year 
period; the difference between the highest 
and lowest total N input to the treatments 
declined also from 153 to 95 to 49 kg/ha 
over the first three years, it was 62 kg/ha in 
2004–05. This was in line with the aim of 
having similar N inputs to the treatments.
Rainfall
Weekly effective rainfall (drainage) was cal-
culated by using a water balance approach. 
The effective rainfall (ER) was calcu-
lated by subtracting the effects of evapo-
transpiration, determined by the FAO 
Penman-Monteith method (Allen et al., 
1998), and soil moisture deficits, using 
the Aslyng scale (Aslyng, 1965), from 
recorded rainfall amounts. The Aslyng 
scale adjusts effective rainfall to account 
for soil moisture deficits >30 mm. Due to 
the free-draining soil and location of the 
site on a karstic limestone plateau, runoff 
was deemed to be negligible. 
Leaching period loss rates (kg/ha) for 
each treatment, were calculated for the 
two N types through multiplying the over-
all mean concentration (mg/L) by 0.01 
times the effective rainfall (mm) with dirty 
water (mm) added to the effective rainfall 
for Gd plots. It is assumed that the NO3-N 
concentration recorded at the sampling 
depth represents the concentration in the 
drainage water. Weighted mean losses (on 
the basis of plot size) were calculated for 
the first 3 years.
Data
The raw data for each year consisted of 
NO3-N and NH4-N concentrations (mg/L) in 
the leachate of 96 individual cups, measured 
weekly, for 33, 37, 26 consecutive weeks in 
Table 1. Mean N inputs (kg/ha) from fertiliser, dirty water (D), slurry (S) in the years 2001–02, 
2002–03, 2003–04, 2004–05
Treatment1  Year × N source
2001–02 2002–03 2003–04 2004–05 
Fertiliser DS2 Total Fertiliser DS2 Total Fertiliser DS2 Total Fertiliser DS2 Total
Gd 207 36 243 278 31 309 248 95 343 254 106 360
S2 364 28 392 333 27 360 314 22 336 287 41 328
Gf 239 nil 239 265 nil 265 294 nil 294 298 nil 298
S1 323 22 345 266 22 288 298 22 320 298 36 334
Weighted 
mean
311 309 326 331
1Gd = grazed, dirty water, S1 = grazed, cut once for silage, S2 = grazed, cut twice for silage, Gf = grazed-
fertiliser only.
2Dirty water (treatment Gd) or cow slurry (treatments S1 and S2).
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2001–02, 2002–03, 2003–04, respectively and 
for 24 non-consecutive weeks in 2004–05. 
There were times when there was insuf-
ficient leachate in the collecting vessels to 
carry out laboratory analyses. For example, 
in the 4 years, out of 480 sampling occa-
sions (120 dates × 4 treatments) there were 
only 14 where a water sample was col-
lected from each of the 24 ceramic cups 
per treatment. Averaged over the 4 years, 
the number of ceramic cups of the 24 in 
each treatment, which had no water sample, 
per sampling date was 9, 9, 10, and 9 for 
Gd, S2, Gf and S1, respectively. Details 
of sample numbers collected, per sampling 
date for the 4 years, are available in Ryan 
et al. (2006) and Ryan M. (unpublished).
Statistical analysis
The analyses consisted of:
 1.  Analysis of annual average N concen-
tration in drainage water: The annual 
average concentration of the two N 
types was analysed using a repeated 
measures analysis over the 4 years. 
The data consisted of 48 values for 
each N type (4 treatments × 3 rep-
licates × 4 years). These aggregated 
data were not normally distributed. A 
generalised linear mixed model was 
fitted that assumed a Gamma (posi-
tively skewed) distribution and incor-
porated a log link function (Ryan et 
al., 2006a). 
 2.  Analysis of weekly average N concen-
tration in drainage water: Within each 
year a repeated measures analysis 
of the average concentration (over 
8 cups) per plot per week, using the 
procedure described for the annual 
concentration data, was performed. 
For both the analyses 1 and 2, repeated 
responses on each plot were assumed to 
be a time series with measurements at 
different time points correlated. Two 
correlation structures, compound symmetry 
(CS) and autoregressive (AR), were com-
pared for suitability in each model using the 
AIC (Akaike information criterion) statis-
tic (Verbeke and Molenberghs, 2000). CS 
assumes responses within a time series are 
equally correlated regardless of how far 
apart they are while AR assumes the further 
apart the responses within a time series are, 
the less correlated they are. An unstructured 
correlation structure (UN) was also tested 
for suitability in the models in 1; this allows 
each pair of repeated measurements to have 
a different unconstrained correlation. The 
UN structure was not used with analysis 2 
as it involved too many correlations for the 
available data.
Analysis was carried out using the 
GLIMMIX macro in the SAS/STAT soft-
ware version 8.2 (Littell et al., 1996). 
Means predicted from models with a log-
link function were back-transformed to 
give means for presentation on the scale 
of measurement. To compare pairs of 
means in a priori comparisons a least sig-
nificant ratio (LSR) was used. At a given 
time point, if the ratio of the bigger to the 
smaller mean is larger than the LSR, then 
the means differ at the significance level 
at which the LSR was calculated (See 
Appendix A in Ryan et al., 2006a).
The relationships between rainfall, 
leachate volume and mean N concentra-
tions were examined as was the rela-
tionship between leachate volume and 
treatment. The annual number of cow-
grazing days per ha and N applied (kg/ha) 
were calculated for each plot. These were 
included as covariates in the analysis of 
annual average N concentration in plots. 
Results 
Rainfall
Monthly rainfall, as recorded at the nearby 
(3 km) Teagasc Moorepark Research Centre 
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for 2001 to 2005 and for 1961 to 1990, is 
shown in Table 2. Rainfall in November, 
December 2001 was exceptionally low; the 
months of October, November 2002 were 
very wet (Table 2). October 2001 to January 
2002 and October 2002 to January 2003, 
had 45 and 43% of the 2001, 2002 annual 
total, respectively. The years 2001, 2003 had 
13 and 10% lower than average rainfall, 
respectively, whereas 2002 and 2004 had 
23 and 5% greater than normal rainfall, 
respectively. 
Average annual recharge, for the years 
1961 to 1990, was estimated at 570 mm. 
Effective rainfall for the leaching period, 
which ranged October to July, was 440, 
539 and 398 mm for 2001–02, 2002–03 and 
2003–04, respectively. The fourth year, 
2004–05, had a short water-collection 
period, i.e., October to April, with inter-
rupted sampling (24 sampling weeks in a 
26-week period) and had an earlier-than-
planned completion date in mid April, 
which probably resulted in missing end-of-
season leaching in May and June, both of 
which had above-average rainfall.
Analysis of annual average NO3-N 
concentration
All effects mentioned in this paragraph 
were significant (P < 0.05), unless other-
wise stated. There was an interaction 
between treatment and year for the NO3-N 
concentration (P < 0.001) and the CS corre-
lation structure was preferred for the yearly 
repeated plot measurements. In 2001–02, 
Gf and S1 had lower mean NO3-N concen-
trations than Gd or S2, and S1 was lower 
than Gf (Figure 1). In 2002–03, Gf and 
S1 were lower than both Gd and S2. The 
high NO3-N concentrations evident in the 
2-cut silage (S2, Figure 1) drainage water 
in 2001–02 and the relatively high concen-
tration in 2002–03, compared to Gf and 
S1, are difficult to explain. They may have 
been caused by high applications of slurry 
(>35 to 55 t/ha) to one of the replicate plots 
over previous years, which resulted in the 
mean 4-year water NO3-N concentration in 
that plot being 90% higher than that in the 
other replicates (Ryan et al., 2006b; Ryan, 
M., unpublished). In 2003–04, there were no 
significant differences between treatments; 
and, in 2004–05, S2 was lower than both Gd 
and Gf. The dirty water treatment (Gd) was 
consistently high in all years. 
The annual weighted mean NO3-N 
concentrations for each of the 4 years 
were 7.8, 4.2, 9.1, 11.7 mg/L, respec-
tively, with an overall 4-year mean NO3-N 
concentration of 8.2 mg/L. The drainage 
water from the grazed-fertiliser-only plots 
(Gf) showed a dramatic increase in NO3-
N concentration in 2004–05 compared 
to previous years; the mean value was 
10 times the mean in 2002–03. This is 
probably explained by very high concen-
trations in the water sampled by two 
ceramic cups in 2004–05. In the 24 samp-
ling weeks, concentrations in one cup 
Table 2. Total monthly rainfall (mm) for 2001 to 2005 and the 30-year (1961 to 1990) mean, 
at Teagasc Moorepark Research Centre
Year Month Total
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2001 76 91 107 73 29 48 47 98 74 120 30 62 855
2002 176 105 54 85 126 78 49 58 21 165 178 107 1202
2003 64 71 61 101 101 105 87 4 41 32 125 91 883
2004 103 57 112 65 43 89 47 171 79 170 27 69 1032
2005 120 35 79 83 75 82 67 - - - - - -
30-year mean 117 87 79 59 68 62 55 76 79 100 91 109 981
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ranged from 37.4 to 338.3 mg/L (mean 
169.0 mg/L) while a second cup ranged 
from 13.9 to 203.2 mg/L (mean 83.1 mg/L); 
the annual plot mean (8 cups) was very 
high at 40.2 mg/L. Concentrations >200 
mg/L are very rare and only occurred on 
one other occasion in one cup in S2 in 
2003–04 (Ryan et al., 2006b; Ryan, M., 
unpublished). 
Over the 4 years (Figure 1), the com-
bined application of dirty water and fer-
tiliser to grazed plots (Gd) resulted in rel-
atively high mean NO3-N concentrations 
in the drainage water. In 2 years the mean 
values were >MAC and in the first, third 
and fourth years the percentage of weekly 
mean values >MAC were 64, 46 and 83, 
respectively. S2 and Gf each had one year 
in which the overall mean concentration 
was >MAC while S1 did not have a mean 
concentration >MAC in any year. The 
4-year mean NO3-N concentrations for 
Gd, S2, Gf, S1 were 11.5, 7.8, 8.5, 5.2 mg/L. 
An expected outcome of this monitor-
ing was that the NO3-N concentrations 
for both silage treatments (S1, S2) would 
be lower than both grazed treatment (Gd, 
Gf) concentrations due to less recycling, 
and removal of N by grass-harvesting in 
S1, S2; this only occurred in 2004-05. 
Analysis of annual average NH4-N 
concentration
For the NH4-N concentration, the CS cor-
relation structure was preferred for the 
yearly repeated plot measurements. There 
was no interaction between treatment and 
year (P = 0.12) and no evidence for a 
main effect of treatment, but there were 
significant (P < 0.01) differences between 
the years (Figure 2). 
Ammonium-N concentration (Figure 2) 
showed an opposite trend to NO3-N with 
the difference between means being mini-
mal in the first and last years. The trend 
was for concentrations to decline over the 
four years and overall weighted mean con-
centrations were 0.336, 0.322, 0.281 and 
0.248 mg/L in each year, respectively, with 
a 4-year overall mean NH4-N concentra-
tion of 0.297 mg/L.
The freshwater quality standard 
required for Salmonid fish is 0.778 mg/L 
NH4-N (Anon., 1988). Expert opinion 
Figure 1: Mean NO3-N concentration (mg/L) for each year × treatment combination: Gd 
(grazed, dirty water  ---♦---), S2 (grazed and cut twice for silage ') , Gf (grazed-fertiliser 
only % ), and S1 (grazed and cut once for silage ---×---). Differences between treatment 
means within a year can be assessed using the least significant ratio (LSR = 2.4 at the 5% 
significance level). Two treatment means differ significantly at the 5% level if the ratio of the 
larger mean to the smaller one is greater than 2.4. 
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considers that this standard may be too 
lenient (M. Neill, personal communica-
tion) and that the EU water quality guide 
level concentrations of 0.156 and 0.031 
mg/L NH4-N, for Cyprinid and Salmonid, 
are more appropriate. 
The number of concentrations <GL 
for both fish types, for each treatment 
and year, is shown in Table 3. Clearly 
the majority of the water samples col-
lected and analysed were in breach of 
the Salmonid GL; the number of samples 
<GL for Cyprinid fish was very low being 
proportionally in the range 0 to 0.064. 
Annual loss of N
The mean annual loss of NO3-N in drain-
age water, from the combined four treat-
Figure 2: Mean NH4-N concentration (mg/L) for each year × treatment combination: Gd 
(grazed, dirty water ---♦---), S2 (grazed and cut twice for silage '), Gf (grazed-fertiliser 
only %), and S1 (grazed and cut once for silage ---×---). The LSR at the 5% significance 
level is 2.0.
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Table 3. The number of drainage water samples with NH4-N concentrations <EU guide level (GL) for 
Salmonid and Cyprinid fish, by year and treatment
Year Treatment1 No. of samples <GL for Total number of 
samples 
Salmonid Cyprinid
2001–02 Gd 0 3 384
2001–02 S2 0 5 384
2001–02 Gf 0 6 336
2001–02 S1 0 5 312
2002–03 Gd 0 13 390
2002–03 S2 0 7 364
2002–03 Gf 4 20 312
2002–03 S1 2 19 364
2003–04 Gd 0 11 444
2003–04 S2 0 0 518
2003–04 Gf 1 19 407
2003–04 S1 2 16 555
2004–05 Gd 0 7 561
2004–05 S2 0 2 495
2004–05 Gf 0 10 594
2004–05 S1 0 7 660
1Gd = grazed, dirty water, S1 = grazed, cut once for silage, S2 = grazed, cut twice for silage, Gf = grazed-
fertiliser only.
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ments for the first 3 years, based on 
effective rainfall, was 34.8, 22.6, 36.2 kg/ha, 
equivalent to 11.2, 7.3 and 11.1% of total 
N input (Table 1) respectively; the mean 
annual loss, as NH4-N, for those years was 
1.6, 1.8, 1.1 kg/ha, equal to 0.5, 0.6 and 
0.3% of total N input, respectively.
Analysis of weekly average N concentration 
NO3-N: The AR correlation structure 
was preferred between weekly repeated 
plot measurements for each of the mod-
els for each of the four years. In 2001–02 
there was an interaction between treat-
ment and week (P < 0.001) (Figure 3a). 
S1 had the lowest NO3-N concentra-
tion at most times during the year and 
was significantly lower than Gd in 29 
of the 33 weeks. S1 was significantly 
lower than S2 in 28 weeks but was only 
significantly lower than Gf in 14 of the 
weeks. Treatment peak concentrations 
were 24.7, 22.0, 11.1, 4.8 mg/L for Gd, 
S2, Gf, S1, respectively. 
In 2002–03, there was an interaction 
between treatment and week (P < 0.001). 
Similar to 2001–02, S1 had the lowest 
mean NO3-N concentration in most weeks 
(Figure 3b). It was significantly lower than 
Gd, S2 and Gf in 32, 32 and 20 of the 37 
weeks, respectively. Treatment peak con-
centrations were 20.3, 26.9, 5.0, 3.5 mg/L 
for Gd, S2, Gf, S1, respectively. 
In 2003–04, interaction between 
treatment and week was not significant 
(P = 0.086). The trends observed in the 
first 2 years were not repeated (Figure 3c). 
Treatment peak concentrations were 20.7, 
17.4, 12.2, 31.9 mg/L for Gd, S2, Gf, S1, 
respectively. 
In 2004–05, there was an interac-
tion between week and treatment 
(P < 0.001). Gf was high at the beginning 
of the year and was significantly higher 
than Gd, S2 and S1 for 4, 12 and 6 of the 
first 12 weeks, respectively (Figure 3d). 
During the second 12 weeks, Gf declined 
to the level of the other treatments and 
Gd emerged as the highest treatment, 
with S2 the lowest. S2 was significantly 
lower than Gd in 8 of the last 12 weeks. 
Treatment peak concentrations (mg/L) 
were 35.2, 7.1, 72.2, 16.0, for Gd, S2, Gf, 
S1, respectively. 
NH4-N: While no trends were observed 
in the analysis of the annual NH4-N con-
centration, each year was still analysed 
separately. The correlation structures pre-
ferred between weekly repeated plot mea-
surements for each of the 4 years was CS, 
AR, CS and CS, respectively. In all years 
there was an interaction between treat-
ment and week (P < 0.01, P < 0.001, P < 
0.01, P < 0.01 for successive years, respec-
tively). In 2001–02 the interaction between 
treatment and week was associated with 
differences in a small number of weeks 
(Figure 4a). There were treatment effects 
in 6 of the weeks during the year but these 
effects were not consistent; e.g., NH4-N 
concentration for S1 was lower than all 
other treatments at week 2 but was higher 
than all other treatments at week 26. In 
2002–03, the only trend observed was that 
S2 was significantly higher than S1 in 10 
of the 37 weeks (Figure 4b). In 2003–04, 
S2 was significantly higher than Gf and 
S1 in 9 and 8 of the 26 weeks, respectively 
(Figure 4c). In 2004–05, no trends were 
observed (Figure 4d). 
N concentration relationships
No relationship was found between N 
concentration  and weekly rainfall, cow 
grazing days or total N applied within each 
treatment. N concentration and leachate 
volume were negatively related over time 
but not within plots or across plots. There 
was no effect of treatment on the leachate 
volume (Ryan et al., 2006a).
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Figure 3: Mean NO3-N concentration (mg/L) by week for each year (a) 2001–02; (b) 2002–03; 
(c) 2003–04; and, (d) 2004–05 for each treatment: Gd (grazed, dirty water ---♦---), S2 
(grazed and cut twice for silage '), Gf (grazed-fertiliser only %), and S1 (grazed and cut 
once for silage ---×---). The LSR at the 5% significance level for each year are (a) 2.3; (b) 
3.3; (c) 2.;8 and, (d) 3.2.
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Figure 4: Mean NH4-N concentration (mg/L) by week for each year (a) 2001–02; (b) 2002–03; 
(c) 2003–04; and, (d) 2004–05 for each treatment: Gd (grazed, dirty water 
---♦---) , S2 (grazed and cut twice for silage '), Gf (grazed-fertiliser only % ), 
and S1 (grazed and cut once for silage ---×---). Also shown are the EC Salmonid ( ) and 
EC Cyprinid ( ) guide levels. The LSR at the 5% significance level for each year are (a) 2.6; 
(b) 3.9; (c) 4.2; and, (d) 3.3.
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Discussion
A common feature of nitrate leaching stud-
ies is the variation seen in mean NO3-N 
concentration from one year to the next 
(Figure 1). This results primarily from 
physical and chemical factors affecting soil 
N, e.g., soil moisture percolation volumes 
and rates, N uptake, recycling and miner-
alisation-immobilisation of N in the soil. 
In the current study, comparing the first 
year with the last, the most notable change 
was an increase of 15.3 mg/L in the mean 
NO3-N concentration in the Gf water 
samples in 2004–05 (Figure 1), which 
may have been partly related to increased 
fertiliser N input in 2004–05 (Table 1). As 
recorded by O’Connell, Humphreys and 
Watson (2004), at two sites, soil mineral-N 
concentration in urine patches increases 
with increasing fertiliser N input to grazed 
pasture. These authors recorded high soil 
mineral-N concentrations (334 and 410 
kg/ha) below the effective rooting zone 
(0 to 20 cm) and in the entire soil pro-
file (0 to 80 cm) in urine-patch areas 
compared to areas without urine patches 
(29 and 57 kg/ha), where 220 kg/ha fer-
tiliser N had been applied up to June. The 
amount applied up to June on the Gf plots 
in 2004–05 was comparable (231 kg/ha) 
(Ryan, M., unpublished) and although not 
measured, may also have resulted in high 
mineral-N concentrations in the urine 
patches. In grazed pasture the N loading 
rate on an individual urine patch is equiv-
alent to about 1000 kg/ha (Silva et al., 
1999). Even with half that load, Richards 
et al. (2004) recorded December NO3-N 
concentrations of 105 and 130 mg/L 
in drainage water from a free-draining 
soil, which received urine N (486 kg/ha) 
in August and September, respectively. 
Ledgard et al. (1996) attribute very high 
NO3-N concentrations in soil water to the 
effect of localised recycling of urine N at 
these high rates while Cuttle, Scurlock 
and Davies (2001) have shown that large 
accumulations of urine-N are lost from 
the soil profile before the start of the fol-
lowing growing season. 
In addition to the N load added via 
dirty water irrigation, which was about 
20% of the total N applied, enhanced N 
mineralisation may have contributed to 
the N available for leaching in the Gd 
plots. Relatively high mean mineral N 
concentrations (5.1 g/kg) in the soil of 
those plots together with a favourable 
mean C/N ratio (11.4), should favour 
higher mineralisation of soil organic N 
compared to the other treatments. Also, 
since drying and wetting of soil is an 
important process in soil organic mat-
ter decomposition and nutrient cycling 
(Mikha, Rice and Milliken, 2005), this 
could increase N mineralisation. Zaman, 
Di and Cameron (1999) and Zaman et al. 
(1999) have shown that, under field con-
ditions, irrigation of dairy shed effluent 
(solid faecal organic material mixed with 
urine and water) significantly increased 
gross N mineralisation rate. More recent 
work by Hawke and Summers (2003) has 
shown how 6 years of farm dairy efflu-
ent irrigation has improved fertility in 
the topsoil. Effluent application led to 
significant increases in the concentrations 
of total N and C in the upper part of the 
soil profile; organic matter concentration 
increased by about 30%. It was consid-
ered likely that effluent application had 
resulted in increases in microbial biomass 
C and N, which consequently increased 
gross N mineralisation rates. Of interest 
with regard to the Gd results is the fact 
that, in a related study, ungrazed small 
plots were used for a series of soil inves-
tigations on Curtin’s farm. Gibbons et al. 
(2006) reported little effect on NO3-N 
concentrations, at 0.9 m deep, from dirty 
water applications of 10 mm in November 
and May while applications of 25 mm in 
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November, higher than those recorded in 
Gd, resulted in a maximum concentration 
of 18.3 mg/L NO3-N in early March of the 
following year. The latter is lower than 
maxima recorded in Gd (20.3 to 35.2 mg/L)
due probably to the non-application of 
fertiliser N to the soil investigation plots, 
the absence of recycled N and lower N 
mineralisation rates. 
The relatively high mean NO3-N con-
centration in the drainage water from the 
S2 treatment in 2001–02 may have been 
related to high applications of slurry N 
to part of the plot area prior to the com-
mencement of the experiment. It has been 
noted that slurry treatment provides an 
input of substrate for soil micro-organ-
isms and tends to increase activities of 
enzymes involved in N cycling (Bol et al., 
2003) with implications for N release from 
organic matter. Also, it has been esti-
mated that 20-year application of slurry 
increases annual mineralisation of N from 
soil organic matter by 45 to 70 kg/ha 
(Whitmore and Schroeder, 1996) quoted 
by Barkle et al. (2000). 
Farmers and scientists acknowledge 
the need to improve recovery of applied 
N in farming systems; sustainability in 
agriculture requires it (Culleton, Tunney 
and Coulter, 1994). EU directives impose 
pressure on agriculture to make more 
efficient use of N since <20% of N inputs 
return as usable products to consumers. 
Highly stocked dairy farms accrue N sur-
pluses annually. In Ireland, Mounsey et al. 
(1998) reported a mean annual surplus of 
304 kg/ha N (range 198 to 409 kg/ha) for 
dairy farms stocked at >2.0 LU/ha. Aarts, 
Habekotte and van Keulen (2000), in the 
Netherlands, compared the N balance of 
a prototype dairy farm of low inputs with 
an intensive commercial farm and showed 
that the annual N surplus decreased from 
487 to 166 kg/ha with careful N manage-
ment. The proportion of applied N lost to 
the environment is an important compo-
nent of these balance studies. Hence, the 
interest in calculating the N mass lost per 
hectare, through leaching, in this study. 
The average proportion of the applied N 
lost through leaching was similar to UK 
findings. Jarvis et al. (1989) evaluated the 
effects of the level of N input, climate 
and soil physical characteristics on the 
extent of nitrate accumulation in the soil 
after grazing pasture with cattle and the 
subsequent loss through either denitrifica-
tion or leaching. The experiment was car-
ried out at four sites in the UK on loam, 
silty clay loam and clay soils with annual 
rainfall in the range 620 to 1,100 mm. At 
rates of 450 kg/ha N or less, the average 
amount, either present in the soil profile 
and available for loss, or lost in leachate 
from four soils, represented 10.5% of 
that applied. Much higher loss rates were 
recorded at high N inputs, e.g., at 750 to 
800 kg/ha N applied, the soil NO3-N con-
tent or losses were equivalent to 37% of 
that applied. The 3-year mean losses from 
the Gf treatment (8%) are lower than the 
8-year mean (13%), reported for grazed 
plots that received similar fertiliser N 
(298 kg/ha) in Northern Ireland (Watson 
et al., 1998). The Northern Ireland study 
had drains installed to capture all subsoil 
drainage flow and may have provided a 
more representative sample of downward 
moving water at 1 m than the ceramic 
cups at Curtin’s farm since preliminary 
evidence for preferential flow was noted 
in that soil (Bartley and Johnston, 2006). 
Preferential flow could mean that ceramic 
cup samplers are by-passed by some of 
the downward flowing water as it moves 
in quick-flow paths such as root channels, 
burrows or structural voids. 
Denitrification may have been respon-
sible for the lower losses recorded in 
2002–03. From October to December 
2002, rainfall at Moorepark was higher 
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than in the first and third years (450 
versus 212, 248 mm). There were 15 days 
with >10 mm in those months in 2002–03 
compared with 6 days in the first and third 
years. This extra wetting of the warm soil 
(11.3, 9.3, 7.2 °C mean maxima at 0.3 m 
in October to December) with daily air 
maxima of 9.7 to 19.5 °C in October, 8.2 
to 16.7 °C in November, 4.1 to 12.8 °C 
in December 2002 (Met Éireann, 2002), 
could have induced relatively high denitri-
fication rates in the soils. A soil tempera-
ture of >5 °C is usually required for sig-
nificant denitrification to occur (Aulakh, 
Rennie and Paul, 1983). It is expected that 
highest rates would have occurred in the 
dirty water plots (Gd) due to their higher 
soil C and N concentrations. Though not 
measured, moisture levels in this treat-
ment would probably have been high-
er than in the others due to the extra 
 liquid load added by irrigation. Hyde et al. 
(2006), in a denitrification study carried 
out on N-treated grazed plots, demon-
strated significant correlations between 
total soil mineral N content and nitrous 
oxide (N2O) emission. Highest emissions 
occurred following rainfall and its con-
sequent effects on soil moisture status 
in association with fertiliser N applica-
tion and grazing. Various models relating 
emissions to N treatment, soil N con-
centration, time after N application, soil 
moisture status and treatment covariate 
interactions were investigated. Predicted 
N2O emission levels at various soil NO3-N 
concentrations, soil moisture levels and 
days after N application showed a positive 
effect of gravimetric soil moisture content 
on N2O emissions at fertiliser N inputs 
of 0, 225 and 390 kg/ha. Folorunso and 
Rolston (1984) have conclusively shown 
that the soil parameters mentioned as well 
as organic C concentration, are primary 
factors affecting N2O losses from soil. 
Clough et al. (1999) have shown that the 
mutual presence of a suitable C form and 
nitrate substrates in the subsoil can stimu-
late denitrification activity. 
The free draining acid brown earth 
(Soil no. 13, Gardiner and Radford, 1980), 
which dominates Curtin’s farm, comprises 
1.69% of the land area of the Republic of 
Ireland to which the results have direct 
application. However, it is thought that 
soils with similar vulnerability may extend 
to about 4.6% of the country. It is very 
unlikely that similar leaching studies will 
be undertaken on different soils through-
out the country and, consequently, it may 
be worthwhile to use a model to make 
N-loss predictions. The model, NCYCLE_
IRL (del Prado et al., 2006), is one of the 
first efforts to integrate all of the avail-
able data on N cycling in Irish grasslands. 
It calculates annual N transformations, 
fluxes and losses for cut and grazed grass-
land and makes predictions of concentra-
tions. For example, the model predicts a 
mean NO3-N concentration of 15.7 mg/L 
for the mean stocking rate (2.38 LU/ha) 
used in this experiment compared with a 
recorded mean of 8.5 mg/L for Gf. The 
mean predicted by the model for silage cut 
areas in the south of Ireland is 5.3 mg/L 
with a peak of 43.3 mg/L compared with 
mean and peak concentrations, for S1, of 
5.2 and 31.9 mg/L, respectively. For poorly 
drained clay loam soils the prediction is 
close (3.0 mg/L) to the measured NO3-N 
concentrations (2.45 mg/L) when stocked 
at 2.5 cows/ha and fertilised with 350 kg/ha 
N (Darmody, 2004). 
In conjunction with fortnightly deter-
mination of soil mineral-N levels, the 
model can be used to assess the amount of 
fertiliser N to apply in order to maintain 
NO3-N concentrations in drainage water 
below MAC. Substantial reductions in N 
surpluses have been achieved in the UK 
using this tactical N application combined 
with slurry injection and early housing 
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of cattle compared to conventional min-
eral N application and broadcast slurry 
(Laws et al., 2000). Slurry application via 
the ‘trailing shoe’ together with low-cost 
outwintering pads may make adaptation 
of this approach to reduce N surpluses of 
interest in Ireland where receiving waters 
are at risk of nitrate pollution. 
Nitrate leaching is greatly influenced 
by the supply of fertiliser N, drainage 
status, sward age and weather patterns 
(Scholefield et al., 1993). The variation in 
peak and annual NO3-N concentrations 
seen in this experiment, poses a question as 
to how many years sampling are required 
to obtain reliable monitoring data, which 
could be used to predict long-term treat-
ment effects. This observation is sup-
ported by the large change in the NO3-N 
concentration recorded in the grazed-
fertiliser only treatment (Gf) in 2004–05 
compared to other years (Figure 1) and 
similar large changes in peak concentra-
tions for the remaining treatments in years 
3 and 4 (Figure 3). Watson et al. (2000) 
reported a mean NO3-N concentration 
of 8.5 mg/L for grazed, drained plots in 
Northern Ireland that received 300 kg/ha 
fertiliser N, which is identical to the mean 
recorded for the Gf plots which received a 
mean fertiliser N input of 274 kg/ha. The 
Northern Ireland authors noted that the 
annual mean NO3-N concentration usually 
did not exceed the European Community 
MAC for drinking water below an annual 
fertiliser N application rate of 300 kg/ha. 
Where 300 kg/ha N was applied this was 
true for 7 of the 9 experimental years 
and also occurred in the current study 
in 3 of the 4 years, where 274 kg/ha N 
was applied to grazed-fertiliser-only plots 
(Gf). However, it is disquieting to note 
that the mean NO3-N concentration in 
the fourth year, at 20.2 mg/L (1.8 × MAC), 
was much higher than in preceding years, 
pointing to the need for a longer period 
of study, perhaps on the time-scale used 
in Northern Ireland. 
The low compliance of the NH4-N con-
centrations to the Salmonid GL in all years 
and to the Cyprinid GL (Table 3), to a 
lesser extent, is similar to results obtained 
in the Northern Ireland study. There, the 
annual flow-weighted mean NH4-N con-
centrations were well above the EC GL 
for Salmonid waters (0.031 mg/L) for all 
plots, which received fertiliser N input in 
the range 100 to 500 kg/ha and exceeded 
those for Cyprinid waters (0.156 mg/L) in 
some years. It must be remembered that 
N concentrations measured at 1 m deep 
may not exactly reflect those in surface 
or ground waters due to N transforma-
tions and so the results should be seen as 
indicative. 
All of the leaching data must be seen in 
the context that the soil was selected on 
the basis of its high vulnerability to nitrate 
leaching and while the 4-year overall mean 
NO3-N concentration at 1 m depth, was 
<MAC, mean concentrations for two 
treatments in the first and final years and 
many of the weekly concentrations in each 
year were >MAC. MAC, the EU limit for 
potable water is the most lenient of several 
standards. The eutrophication criterion 
for tidal freshwaters is appreciably lower 
at 2.6 mg/L while the EPA has set 5.6 mg/L 
NO3-N as the interim guideline value for 
the protection of groundwater (Bartley 
and Johnston, 2006). An important char-
acteristic of the soil (and geological for-
mation) under investigation is the ability 
to respond to change in management. In a 
control treatment, monitored by Gibbons 
et al. (2006), the NO3-N concentration in 
the soil pore water declined from an initial 
value of 19 mg/L to <10 mg/L over a peri-
od of 5 weeks in November–December 
2001, remaining low thereafter. Bartley 
and Johnston (2006) demonstrated a rapid 
response of groundwater hydrochemistry 
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to hydrological and agronomic loadings 
in the hydrogeologically vulnerable condi-
tions at Curtin’s farm. The significance of 
this rapidly responding hydrogeological 
system to dairy farming is that all improve-
ments in management should result in an 
observable improvement in groundwater 
quality. 
To ensure a valid comparison of herd 
performance it was desirable that DM 
intake at grazing would not be limiting. 
This was achieved by not being parsi-
monius with N inputs. Considering that 
silage was exported from the farm in 3 
of the 4 study years, it would appear that 
there is room for a reduction in N input 
to the silage area while still carrying the 
stocking rate of the second, third and 
fourth years (~2.47 cows/ha). Less fer-
tiliser N should be applied to the dirty 
water plots. In 2 of the 4 years, mean N 
input to the dirty water treatment (Gd) 
was greater than overall mean N input. 
Lower N fertiliser inputs could lessen 
losses directly, due to a lower N load on 
plots and indirectly, perhaps, through 
decreased N concentration in the herb-
age. Leaching may be lessened, through 
improved N efficiency, whereby the ben-
efit of soil organic N is maximised. 
Lower loading of Gd areas with dirty 
water is also an achievable target. 
The study did not include monitoring 
of leached dissolved organic N (DON) 
now recognized as important in the 
N cycle. It has a role in phytoplank-
ton nutrition, cell biology and ecology 
(Anita, Harrison and Oliveira, 1991), 
was seen as a cog in the N cycle by Chapin 
(1995) and may still, largely by not being 
measured, be a missing piece of the N 
cycle. DON can be readily leached from 
soil (Siemens and Kaupenjohann, 2002) 
and a positive relationship (P < 0.001) 
exists between the amount of DON in 
solution and the amount of NO3 and 
NH4 in solution in grassland (Christou et 
al., 2005). Future studies should include 
measurement of DON and dissolved 
organic matter assays since the latter are 
important for short-term dynamics of 
the microbial biomass and gross N fluxes 
(Cookson et al., 2005). DON can con-
tribute significantly to plant and micro-
bial activity in freshwater and marine 
environments. It represents a signifi-
cant portion of soil total dissolved N in 
agricultural land-use systems (Christou 
et al., 2005) and there may be significant 
loss of DON in surface runoff (Jarvis, 
1993). 
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